Spatial control of cell growth in the budding yeast Saccharomyces cerevisiae involves cell wall synthesis and organization of the actin cytoskeleton. A polarized actin cytoskeleton targets secretion to the growth, or bud, site and is thus essential for the establishment and the maintenance of polarized growth (11, 40) . The yeast cell wall, composed of mannoproteins, ␤-1,6-glucan, ␤-1,3-glucan, and chitin, determines the cell shape and provides rigidity. Both the actin cytoskeleton and the cell wall are dynamic structures that are constantly remodeled and reorganized, in response to growth signals or environmental stress, to ensure the integrity of the yeast cell (15, 33, 52, 57) .
In yeast, protein kinase C (PKC1) activates a mitogen-activated protein (MAP) kinase cascade composed of BCK1 (MAPKKK), the redundant MKK1 and MKK2 proteins (MAPKK), and MPK1 (MAPK) (22, 24) . Activation of this cascade occurs in response to hypotonic or heat shock, but also during periods of polarized growth (14, 31, 67) . This MAP kinase cascade ultimately controls actin organization and transcription of cell wall biosynthesis genes (26, 27, 43, 68) . Since both of these readouts function to maintain cellular integrity under normal as well as stress conditions, the pathway(s) controlling and comprising PKC1 and its effector MAP kinase cascade is often termed the cell integrity signaling pathway.
The organization of the yeast actin cytoskeleton and thus polarized growth is also regulated by a family of Rho-like GTPases (52) . Members of the Rho family of small GTPases are also key regulators of the actin cytoskeleton in mammalian cells (23, 30) . In yeast, the Rho family includes CDC42 and RHO1 through -4 (52, 59) . RHO1 and its nonessential homologue RHO2 control bud growth via five downstream effectors (9, 21, 52) . RHO1 binds and activates PKC1, which in turn controls the above-mentioned MAP kinase cascade (32, 44) . RHO1 also binds and activates the integral plasma membrane protein FKS1 (␤-1,3-glucan synthase) to control cell wall synthesis directly (17, 49) . Furthermore, RHO1 binds to BNI1, a formin family member; to SKN7, a two-component signaling protein; and to SEC3, a spatial landmark for polarized exocytosis (1, 21, 36) .
The cycling between the inactive (GDP-bound) and active (GTP-bound) states of Rho type GTPases is catalyzed by three types of proteins: GDP/GTP exchange factors (GEFs), GTPase-activating proteins (GAPs), and guanine nucleotide dissociation inhibitors (GDIs). Exchange factors activate Rho proteins by exchanging GDP for GTP. Most Rho GEFs display a characteristic architecture, a tandem motif consisting of a Dbl homology (DH) domain followed by a pleckstrin homology (PH) domain (65) . The catalytic DH domain binds the nucleotide-free form of the GTPase, thereby facilitating the GDP-to-GTP exchange. The polyphosphoinositide-binding PH domain may contribute to the localization of the GEF (41, 70) .
RHO1 is activated, via the exchange factor ROM2, by at least two separate inputs, the essential TOR2 kinase and cell wall defects (7, 51) . tor2 mutant cells display random distribution of the actin cytoskeleton and a severe decrease in exchange activity toward RHO1 (25, 51, 53) . Cell wall defects are sensed and signaled to ROM2 by plasma membrane proteins of the WSC family (15, 20, 48, 61) .
PKH2 and possibly PKH1, the yeast homologues of mammalian 3Ј-phosphoinositide-dependent kinase 1 (PDK1), phosphorylate and thereby activate PKC1 (28) . It remains to be determined whether PKHs activate PKC1 in conjunction with or independently of RHO1. PKH1 and PKH2 have also been proposed to act upstream of the essential pair of homologous kinases YPK1 and YPK2 (yeast protein kinases 1 and 2) (10, 28). The functionally redundant YPK genes were originally isolated on the basis of their sequence homology to PKC isozymes (12) . The YPKs are homologues of mammalian serum-and glucocorticoid-induced kinase (SGK) and display substrate specificity similar to that of protein kinase B (PKB) (10) . The cellular function of the YPKs is unknown, although YPK1 has recently been linked to sphingolipid signaling (58) (see Discussion).
In mammalian cells, the PDK1-PKB signaling cascade downstream of phosphatidylinositol 3-kinase mediates the physiological effects of insulin and other growth factors. PDK1 has been shown to phosphorylate a conserved residue within the activation loop of several members of the AGC subfamily of protein kinases, including PKB, PKC isozymes, p70 S6 kinase, and SGK (35, 46, 60) . SGK is controlled at the transcriptional level by serum and glucocorticoid hormones (64) and is activated by cyclic AMP and insulin (47) . SGK may be implicated in the regulation of sodium homeostasis and in the response to hyperosmotic stress (5, 13) . Recent findings indicate that SGK acts in concert with PKB to mediate the readouts of phosphatidylinositol 3-kinase signaling, such as cell survival and cell cycle progression (8) .
Here we present evidence that the YPKs are activators of the PKC1 effector MAP kinase cascade. We also identify and characterize TUS1, an exchange factor for RHO1. Thus, YPK kinases and TUS1 are novel components of yeast cell integrity signaling.
MATERIALS AND METHODS
Strains, plasmids, and media. The S. cerevisiae strains and plasmids used in this study are listed in Tables 1 and 2 , respectively. All strains, except EGY191 (see "Two-hybrid assays"), are isogenic derivatives of JK9-3da or TB50a. Rich media (yeast extract-peptone-dextrose [YPD] or YPGal/Gly) or synthetic minimal media (SD, SGal/Gly, or SGal/Raff) complemented with the appropriate nutrients for plasmid maintenance were as described previously (4, 55) . Sodium dodecyl sulfate (SDS) was added to the medium to a final concentration of 0.005% from a stock of 10% in water (7) .
Genetic techniques. Restriction enzyme digests and ligations were performed according to standard methods. All enzymes and buffers were obtained commercially (Roche Diagnostics). Escherichia coli strains MH1 and DH5␣ were used for propagation and isolation of plasmids. Plasmid DNA was isolated as described previously (50) . Yeast transformation was performed by the lithium acetate procedure (29) . The entire open reading frames of TUS1, YPK1, and YPK2 were replaced by PCR-generated kanMX4 or HIS3MX6 cassettes, as described previously (38, 62) . Disruptions were verified by PCR.
Actin staining. Logarithmically growing cells were fixed in formaldehyde (3.7%) and potassium phosphate buffer (100 mM; pH 6.5) and stained with tetramethyl rhodamine isothiocyanate (TRITC)-phalloidin (Sigma) to visualize actin, as described previously (6) .
Two-hybrid assays. The interaction trap two-hybrid system was used (19) . Bait (pEG202-based) and prey (pJG4-5-based) plasmids are described in Table 2 . To assess ␤-galactosidase activities, strain EGY191 (MAT␣ trp1 his3 ura3 2ϫlexAop-LEU2) containing the lexAop-lacZ reporter plasmid pSH18-34 was cotransformed with either pEG202 or a pEG202-derived plasmid expressing a LexA-BD (DNA binding domain) fusion protein and with either pJG4-5 or a pJG4-5-derived plasmid expressing an AD (activation domain) fusion protein. Several independent transformants of each combination were streaked onto SD-UraTrp-His plates and replica plated onto SGal/Raff-Ura-Trp-His/5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside (X-Gal) plates.
GEF activity assay. Glutathione S-transferase (GST)-RHO1 was prepared as described previously (7) . GST and GST-TUS1DH were prepared as follows. GST-or GST-TUS1DH-expressing E. coli cells (XL1-Blue transformed with pGEX-2T or pGST-TUS1DH) were grown in ampicillin-containing Luria-Bertani medium, and protein expression was induced for 3 h by addition of isopropyl-␤-D-thiogalactopyranoside (IPTG) (final concentration, 0.1 mM). Cells were harvested by centrifugation for 10 min at 3,000 ϫ g, resuspended in ice-cold phosphate-buffered saline (PBS, comprising 53 mM Na 2 HPO 4 , 13 mM NaH 2 PO 4 , and 75 mM NaCl) containing 1 mM phenylmethylsulfonyl fluoride (PMSF), and lysed by three cycles (30 s each) of sonication (Sonicator Ultrasonic Processor XL; MISONIX Inc.). Cell debris was removed by centrifugation at 3,000 ϫ g for 10 min, and Triton X-100 was added to the supernatant to a final concentration of 1%. The GST or GST-TUS1DH protein was isolated by incubating the extract with glutathione-Sepharose beads (Amersham Pharmacia Biotech) for 2 h. Beads were then washed five times with PBS containing 0.1% Triton X-100. Glutathione-Sepharose beads with bound GST-RHO1 (purified from yeast) were first washed with, and then resuspended in, reaction buffer (20 mM Tris-HCl [pH 7.5], 10 mM MgCl 2 , 2.5 mM EDTA, 1 mM dithiothreitol, 1 mM PMSF) and incubated for 20 min at 25°C in the presence of 0.75 mM L-␣-dimyristoylphosphatidylcholine (Sigma) and 10 M GDP (69) . Beads with bound GST or GST-TUS1DH were also washed and then resuspended in reaction buffer. Following the preloading with GDP, GST-RHO1 was aliquoted and beads with bound GST or GST-TUS1DH were added to the GTPase aliquots. Reactions were started by addition of 3 M [ 35 S]GTP␥S (Amersham Pharmacia Biotech) and incubated for 5, 10, or 15 min. Reactions were stopped by adding 1 ml of ice-cold stop buffer (20 mM Tris-HCl [pH 7.5], 25 mM MgCl 2 , 100 mM NaCl). The diluted mixture was centrifuged and washed twice with stop buffer. Bound radioactivity was quantified by scintillation counting. As a control, GST or GST-TUS1DH was incubated by following the same protocol, but in the absence of GST-RHO1. Neither GST nor GST-TUS1DH bound any radioactivity under these conditions (data not shown).
MAP kinase activation assay. To monitor activation and expression of the MAP kinase MPK1, a strain expressing C-terminally triple hemagglutinin (HA)-tagged MPK1 (MPK1-HA 3 ) under the control of its own promoter was created. Tagging of chromosomal MPK1 was performed as described previously (38) and verified by PCR. The MPK1-HA 3 was functional (data not shown).
MAP kinase activation assays were performed as described previously (42), with minor modifications. Cultures of exponentially growing cells (in YPD at 24°C) were shifted to 39°C for the indicated time. Harvest, lysis of cells with glass beads, and clearing of cell extracts were performed as described previously (42) . Protein concentrations of extracts were determined by using the Bio-Rad microassay. Samples were denatured by addition of 6ϫ SDS-polyacrylamide gel electrophoresis (PAGE) sample loading buffer and boiling at 95°C for 5 min. A total of 40 g of protein (for anti-HA detection) or 80 g of protein (for 
RESULTS
Activation of the RHO1 GTPase switch or the PKC1 effector MAP kinase cascade suppresses a YPK deficiency. To investigate the essential cellular role of the two YPK kinases, a mutant was constructed lacking the genomic copies of YPK1 and YPK2 and containing a plasmid-borne copy of YPK1 expressed under the control of the glucose-repressible and galactose-inducible GAL1 promoter. This conditional mutant, referred to below simply as ypk, was able to grow only on a galactose-containing medium. Cells lacking YPK1 or YPK2 alone are viable, although ypk1 mutants have a severe growth defect (10, 12 ; also data not shown). Because the YPKs have been linked to the PKHs (10) which in turn have been linked to PKC1 (28), we first examined if upregulation of the PKC1 effector MAP kinase cascade or the RHO1 GTPase switch could suppress the growth defect of ypk cells. As shown in Fig.  1A , activation of the PKC1 effector MAP kinase cascade by expression of constitutively active PKC1, BCK1, or MKK1 (encoded by PKC1*, BCK1*, and MKK1*, respectively) suppressed the growth defect of ypk cells on glucose (YPD) medium. Similarly, activation of the RHO1 GTPase switch by overexpression of the GEF ROM2 or the RHO1-related GTPase RHO2 efficiently restored growth of ypk cells (Fig.  1A) . We also found that overexpression of an uncharacterized gene termed TUS1 suppressed the ypk mutation (Fig. 1A) . TUS1 (open reading frame YLR425w), encoding a protein of unknown function, had previously been isolated in our laboratory as a multicopy suppressor of a tor2 mutation (hence the name TUS1, for TOR2 unique function suppressor 1) (25; S. B. Helliwell, I. Howald, and M. N. Hall, unpublished data). As described below, TUS1 is a novel exchange factor (GEF) for RHO1. The growth defect of cells lacking only YPK1 (ypk1) was also suppressed by overexpression of TUS1 or by expression of PKC1* (data not shown). The above findings strongly suggest that the essential cellular role of the YPKs is to activate the cell integrity signaling pathway.
Examination of the yeast genome sequence revealed a predicted Ser/Thr protein kinase homologous to YPK1 and YPK2 (approximately 40% identity in catalytic domains) that we termed YPK3 (open reading frame YBR028c). Overexpression of YPK3 also suppressed the ypk growth defect (Fig. 1B) . Disruption of YPK3 did not confer a growth defect under standard growth conditions. Furthermore, ypk1 ypk3 and ypk2 ypk3 double-mutant cells grew like the single ypk1 or ypk2 mutant, respectively (data not shown).
TUS1 interacts genetically with components of the RHO1 GTPase switch and the PKC1 effector MAP kinase cascade. As described above, the uncharacterized gene TUS1 was identified as a multicopy suppressor of the ypk growth defect (Fig. 1A) . The TUS1 gene encodes a protein of 1,307 amino acids, with a predicted molecular size of approximately 150 kDa. To characterize the cellular function(s) of TUS1 and the mechanism by which multiple copies of TUS1 restore the growth of ypk cells, a mutant lacking TUS1 was created by replacing the entire TUS1 open reading frame with a PCR-generated marker cassette. Haploid tus1 cells displayed only a very mild growth defect and only at an elevated temperature. However, homozygous diploid tus1/tus1 cells were severely affected in growth at a high temperature (39°C) ( Fig. 2A and B) . It has been reported previously that components of the cell integrity pathway (e.g., WSC1) are more important in diploid cells (15) . Fig. 2A ; also data not shown), whereas expression of an activated allele of RHO3 (pRHO3*, RHO3 Val25 ) or CDC42 (pCDC42*, CDC42 Val12 ), or overexpression of RHO4 (pRHO4) (51), did not suppress the growth defect (data not shown). Lack of functionality of the cell integrity pathway often leads to cell lysis, which can be prevented by osmotic stabilization. Osmotic stabilization of tus1/tus1 cells by addition of 1 M sorbitol to the medium restored almost wild-type-like growth at 39°C (Fig.  2B) . These findings indicate that tus1/tus1 cells are defective in cell integrity, most likely in the activation of RHO1 or the RHO1 effectors.
We also examined the effect of a tus1 mutation in combination with mutations affecting components of the cell integrity pathway, such as ROM2, RHO2, the PKC1 effector BCK1, and the PKC1-controlled MAP kinase MPK1. Whereas mutants with deletions of TUS1, ROM2, RHO2, BCK1, or MPK1 alone showed no or only mild growth defects, tus1 rom2, tus1 bck1, and tus1 mpk1 cells were unable to grow at the examined temperatures of 30 and 37°C ( Fig. 2C ; also data not shown). tus1 rho2 mutant cells grew poorly only at an elevated temperature (37°C) (Fig. 2C) . The growth defect of double mutants was rescued, at least in part, by addition of an osmotic stabilizer (1 M sorbitol) to the growth medium (Fig. 2C) . We also analyzed a genetic interaction between TUS1 and the ROM2 homologue ROM1, another RHO1 exchange factor. However, unlike tus1 rom2 mutants, no synthetic interaction was observed between tus1 and rom1 at any temperature (data not shown). The synthetic interactions between tus1 and rom2, rho2, bck1, and mpk1 further suggest that TUS1 is involved in cell integrity.
TUS1 is a novel exchange factor for RHO1. TUS1 displays limited homology to the yeast ROM1 and ROM2 (45) and the mammalian NET1 Rho GEFs (2). The homology is restricted to the regions encoding the catalytic DH domain and the PH domain. This finding, in combination with the results described above, prompted us to investigate if TUS1 is an exchange factor for RHO1.
Using the yeast two-hybrid system, we investigated whether TUS1 interacts with RHO1. Different RHO1 variants were examined. Wild-type RHO1, RHO1 trapped in its GTP-bound form (RHO1 Q68H ), and RHO1 in its nucleotide-free form (RHO1 G22A ), all lacking the C-terminal CAAX-box to prevent prenylation and thus to facilitate nuclear localization, were (Fig. 3A) . This specific interaction is characteristic for proteins that act as exchange factors (45) , since GEFs interact with the nucleotide-free form of GTPases to facilitate the GDP-to-GTP exchange. Because a tus1 mutation is suppressed by overexpression of the RHO1-related GTPase RHO2 (see above), we also examined if TUS1 interacts with RHO2. We failed to detect, by two hybrid analysis, an interaction between TUS1⌬N and wild-type or nucleotide-free (G19A) RHO2 (data not shown).
To determine which domain of TUS1 is required for interaction with RHO1, additional deletion mutants of TUS1 were constructed and assayed for interaction with nucleotide-free RHO1. The deletion variants contained the following regions of TUS1: (i) the putative DH domain and the N-terminal one-third of the PH domain (Asn420 to Glu773; pTS50), (ii) the DH domain lacking a small C-terminal fragment (Asn420 to Asp631, pTS49), and (iii) the DH domain plus 50 amino acids on each side (Gly425 to Thr721; pTS56) (Fig. 3B) . Only the deletion variants containing an intact DH domain (pTS50 and pTS56) interacted with RHO1 G22A . The binding was independent of the TUS1 PH domain (Fig. 3B ). These results demonstrate that the TUS1 DH domain mediates the TUS1-RHO1 interaction, and they further indicate that TUS1 may be a RHO1 exchange factor. 
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To determine if TUS1 indeed encodes a RHO1 exchange factor, we investigated if TUS1 can catalyze the GDP-to-GTP exchange on RHO1 in vitro. The putative catalytic DH domain of TUS1 was fused to GST, and the resulting fusion protein was purified from bacteria. GST-RHO1 (purified from yeast) was preloaded with GDP, and purified GST-TUS1DH or GST alone and [
35 S]GTP␥S were added to start the exchange reaction (see Materials and Methods). Whereas GST-RHO1 incubated with GST alone did not significantly incorporate radioactive GTP over time, GST-TUS1DH strongly promoted incorporation of labeled GTP into GST-RHO1 (Fig. 3C) . GST-TUS1DH alone did not bind labeled GTP (data not shown). These findings demonstrate that the TUS1 DH domain can catalyze the GDP-to-GTP exchange on RHO1. We conclude that TUS1 encodes a novel exchange factor (GEF) for RHO1. Furthermore, the above suppression and interaction analyses suggest that TUS1 is an exchange factor specifically for RHO1. The suppression of ypk (or tor2) mutations by multiple copies of TUS1 can be explained by TUS1-mediated upregulation of RHO1 activity.
Signaling of cell wall defects to RHO1 requires TUS1. RHO1 is activated in response to cell wall defects (7, 15, 48) . RHO1 in turn activates cell wall synthesis via its effectors FKS1 and the PKC1-associated MAP kinase cascade. We investigated if TUS1 is required to activate RHO1 in response to cell wall damage. Cell wall defects, induced by addition of small amounts of SDS to the growth medium or deletion of the CWH41 gene encoding endoplasmic reticulum-glucosidase I, have been demonstrated to suppress a tor2 mutation by restoring RHO1 activity (7). Thus, we tested if 0.005% SDS or deletion of CWH41 could still restore growth in tor2 mutants when TUS1 is deleted. tus1 tor2 ts cells, in contrast to tor2 ts cells, were not able to form colonies when incubated in the presence of SDS at a nonpermissive temperature (37°C), indicating that TUS1 contributes to the activation of RHO1 upon cell wall stress (Fig. 4A) . tus1 cells did not display a growth defect on SDS-containing medium (data not shown). Suppression of a tor2 mutation by deletion of CWH41 was also strongly diminished in the absence of TUS1 (Fig. 4B) . The almost wild-type growth rate of tus1 cwh41 cells (Fig. 4B) indicates that the decrease in the cwh41-mediated suppression of a tor2 mutation is not due to additive growth defects, but rather to a defect in signal transmission to RHO1. Taken together, these results suggest that TUS1, probably in conjunction with ROM2 (7), participates in activating RHO1 in response to cell wall stress.
YPKs are required for organization of the actin cytoskeleton. The above described suppression of the ypk growth defect by activation of RHO1 or the PKC1-controlled MAP kinase cascade prompted us to investigate if ypk cells exhibit a defect in the organization of the actin cytoskeleton, one of the readouts of the cell integrity signaling pathway. Wild-type and ypk (C) TUS1 has GEF activity toward RHO1. GST-RHO1 was preincubated with GDP and subsequently mixed with [ 35 S]GTP␥S and GST-TUS1DH (circles) or GST (squares). Reactions were stopped after 5, 10, and 15 min of incubation, and reaction products were washed. [ 35 S]GTP␥S bound to GST-RHO1 was quantified by scintillation counting (see Materials and Methods). A representative curve obtained from one of at least three experiments is shown. FIG. 3 . TUS1 is an exchange factor for RHO1. (A) TUS1 interacts with nucleotide-free RHO1 in the two-hybrid system. Yeast strain EGY191 was transformed with pEG202::TUS1⌬N and pJG4-5 (vector), pJG4-5::RHO1, pJG4-5::RHO1 Q68H , or pJG4-5::RHO1 G22A and streaked out onto SGal/Raff-Ura-Trp-His/X-Gal plates at 30°C. Blue color (seen here as dark color) indicates a specific interaction in the two-hybrid system. (B) The TUS1 DH domain mediates the TUS1-RHO1 interaction. Yeast strain EGY191 was transformed with pJG4-5::RHO1 G22A and pEG202 (vector), pEG202::TUS1⌬N, or TUS1 fragments in pEG202 (pTS49, pTS50, and pTS56) and incubated on SGal/Raff-Ura-Trp-His/X-Gal plates at 30°C. A schematic representation of the TUS1 bait constructs is shown on the right; numbers represent amino acid positions. Blue color (seen here as dark color) indicates a specific interaction in the two-hybrid system. cells grown under permissive (galactose) and nonpermissive (glucose) conditions were examined for actin distribution by phalloidin staining. Whereas wild-type cells displayed a normal polarized distribution of actin at the various stages of the cell cycle, cells lacking both YPK1 and YPK2 (glucose-grown cells) exhibited a severe defect in actin distribution. Small-budded ypk cells displayed a random distribution of actin patches in mother and daughter cells instead of a concentration of patches at the site of growth. Large-budded ypk cells failed to properly localize actin patches to the mother-bud neck (Fig.  5A) . We also examined the actin cytoskeleton in ypk1 cells. Loss of YPK1 alone was sufficient to cause a defect in the polarization of the actin cytoskeleton (Fig. 5B) . Consistent with the suppression of the ypk1 growth defect by TUS1 or PKC1* (see above), overexpression of TUS1 or expression of PKC1* suppressed the actin defect in ypk1 cells (Fig. 5B) . Cells in which YPK2 was deleted did not display any apparent defect in actin polarization (data not shown). These findings indicate a role for the YPKs in the control of the actin cytoskeleton and further support their involvement in activation of the cell integrity signaling pathway.
ypk1 cells are defective in MAP kinase activation in response to heat shock. To further confirm the role of YPKs in the cell integrity pathway, we examined activation of the PKC1-controlled MAP kinase MPK1 in YPK-deficient cells. We monitored the kinetics of heat stress-induced MPK1 activation in a ypk1 mutant. Activation of MPK1 was monitored with antibodies that specifically recognize the activated, dually phosphorylated form of MAP kinases. In wild-type cells, heat stress-induced activation of MPK1 was transient, with MPK1 phosphorylation peaking at 30 to 60 min after the shift to 39°C and returning to basal levels within 100 to 120 min after the shift (Fig. 6 ). This transient MPK1 activation parallels the previously reported transient actin depolarization upon heat shock (15) . In ypk1 cells, similar kinetics of MPK1 activation were detected, but the level of activation was severely decreased in comparison to that for wild-type cells (Fig. 6) . Total MPK1 (MPK1-HA 3 ) levels were similar in wild-type and ypk1 cells at all time points, as determined by anti-HA immunoblot- ts (TS27-4C) cells were streaked onto YPD medium and onto YPD medium containing 0.005% SDS and were incubated at 37°C. As a control, strains were also streaked onto YPD medium containing 0.005% SDS and incubated at 30°C. (B) wt (JK9-3da), tus1 cwh41 (TS80-6D), tor2 ts (SH121), cwh41 tor2 ts (MB119), and tus1 cwh41 tor2 ts (TS92-2D) cells were streaked onto YPD medium and incubated at 30 and 37°C. A tus1 mutation prevents the suppression of the tor2 mutation by cell wall defects (induced by SDS or cwh41). (Fig. 6 ). The finding that MPK1 activation was severely reduced but not delayed in the slow-growing ypk1 mutant suggests that the defect in MPK1 activation is not a secondary consequence of the growth defect, but rather a direct consequence of a defect in signaling through the cell integrity pathway. The residual MPK1 phosphorylation observed in ypk1 cells is presumably due to YPK2. We also examined heat stress-induced MPK1 activation in cells lacking only YPK2. In accordance with the wild-type-like growth and actin organization of these cells, ypk2 mutant cells did not display any reduction in MPK1 activation in comparison to wildtype cells (data not shown). These results indicate that YPK2 plays a minor role relative to YPK1 in the activation of MPK1. The target(s) of the YPKs in the cell integrity pathway is unknown. The finding that ypk lethality is suppressed by RHO1, more precisely by overexpression of the RHO1 GEFs ROM2 and TUS1, suggests that the YPKs are upstream of RHO1. To determine if the YPKs control RHO1 via a GEF, we performed in vitro GEF assays with isolated RHO1 and total cellular extracts derived from wild-type and ypk mutant cells. However, for unknown reasons, these assays yielded inconclusive results. The position of the YPKs in the cell integrity signaling pathway thus remains to be determined.
Suppression of the ypk growth defect by TUS1 or PKC1 was not possible in a ypk null mutant (i.e., ypk1 ypk2 without pGal-YPK1), and the ypk growth defect was not suppressed by addition of 1 M sorbitol to the medium (data not shown). These results possibly indicate that YPKs control targets other than those involved in cell integrity signaling. It is also of interest to determine the functional relationship between the PKHs and the YPKs. PKH2 preferentially activates PKC1 (28) , whereas PKH1 primarily acts on the YPKs (10) . Thus, the PKHs may activate PKC1 in two different ways, directly and via the YPKs.
What is upstream of the PKHs and the YPKs? Sun et al. have recently reported that overexpression of YPK1 or PKH1 allows cells to survive sphingoid base depletion and that sphingolipid levels regulate the phosphorylation and localization of YPK1 (58) . Furthermore, sphingoid base synthesis, like the PKHs and YPKs, is required for PKC1-mediated organization of the actin cytoskeleton (18, 28, 66) . Finally, sphingolipids are signaling molecules specific for heat stress in yeast (16, 56) , and the cell integrity signaling pathway is particularly responsive to heat stress. These findings strongly suggest that the PKHs and the YPKs act downstream of a sphingolipid-derived signal. Interestingly, sphingosine has recently been identified as an activator of PDK1 (the mammalian counterpart of PKHs), which in turn phosphorylates PAK1, an effector of the Rho GTPases Rac and Cdc42 (34) . The parallel situation in yeast would be that a sphingolipid-derived signal activates the PKHs and YPKs to regulate the RHO1 effector PKC1.
We also present a novel RHO1 exchange factor, TUS1, as a new component of the cell integrity pathway. TUS1 was identified as a multicopy suppressor of a ypk mutation and is the third exchange factor identified for RHO1. Why does RHO1 have multiple GEFs, i.e., ROM1, ROM2, and TUS1? A similar situation has been described for mammalian cells, where the number of Rho GEFs (approximately 35 members) far exceeds the number of Rho type GTPases (approximately 15 members). An attractive hypothesis is that the GEFs determine the downstream signaling specificity of Rho GTPases, as suggested for Rac and Cdc42 signaling in mammalian cells (54, 71) . Specific GEFs may, therefore, activate specific RHO1 effector pathways. In agreement with such a hypothesis, we find that the heat shock-induced activation of the PKC1-controlled MAP kinase MPK1 is reduced in rom2 mutant cells but not in tus1 (or tus1/tus1) mutant cells (data not shown). TUS1 may thus activate RHO1 for other effector functions involved in cell wall integrity (e.g., glucan synthase), explaining the requirement of TUS1 for RHO1 activation in response to cell wall defects. Moreover, multiple copies of TUS1 were not sufficient to rescue the synthetic rom1 rom2 lethality (data not shown), possibly indicating that ROM2 and ROM1 perform unique, essential functions in the cell that TUS1 cannot provide. Different GEFs could also be required to activate RHO1 in response to different stimuli.
We have also identified a novel protein kinase, YPK3, that functions as a multicopy suppressor of the ypk growth defect and exhibits homology to YPK1 and YPK2. YPK3 may be able to act on the same substrates as YPK1 and YPK2 when overexpressed, but YPK1 and YPK2 apparently play a more crucial role under physiological growth conditions. A similar situation has been reported by Inagaki et al. for the PDK1 homologues PKH1, PKH2, and PKH3 (28). 
